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Abstract
The overall efficiency of a Concentrating Solar Power (CSP) plant depends on the effectiveness
of Thermal Energy Storage (TES) system. A Single tank TES system has potential to provide effective
solution. In a single tank TES system, a thermocline region, which produces the temperature gradient
between hot and cold storage fluid by density difference, is used. Preservation of this thermocline region
in the tank during charging and discharging cycles depends on the uniformity of the velocity profile at
any horizontal plane. One of the major challenges for the single tank thermocline is actually maintaining
the thermocline region in the tank, so that it does not spread out to occupy the entire tank. Since the
thermocline is a horizontal surface, the hot and cold fluid must be introduce in such a way that it does
not disturb the thermocline. If the fluid is introduced in a jet stream, it will disturb the thermocline and
mix the hot and cold fluids into a homogeneous medium. So the objective of this thesis is to preserve
the thermocline region by maximizing the uniformity of the velocity distribution. An ideal distributor
will minimize the thermocline spreading and hence maximize the useable form of thermal energy
storage in a single tank system. The performance of two different types of distributors: pipe flow
distributor and honeycomb distributor, were checked. The effectiveness of the pipe flow distributor was
checked by varying the dimension of the geometry i.e. number of holes, distance between the holes,
position of the holes and number of distributor pipes.
Thermal energy storage system from solar power relies on high temperature thermal storage
units for continuous operation. The storage units should have facilitated with high thermal conductivity
and heat capacity storage fluid. Hence it is necessary to find a better performing heat transfer fluid at
higher operating temperature. Novel materials such as nanomaterial additives can become cost effective
and can increase the operating range of the storage facilities to higher range of temperatures. In this
work Hitec® molten salt is considered as the heat transfer fluid (HTF). The operating temperature of this
HTF is 300-5000C. So to increase the thermal properties of this HTF nanomaterial has been added. The
effective thermal conductivity and specific heat capacity of the nanofluid were calculated and the
thermal effect of this nanofluid was observed from the simulation result.
vi
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Chapter 1: Introduction
1.1

OVERVIEW
Renewable energy is the natural source of energy i.e. solar, wind, biomass, geothermal,

hydropower. It is abundant in quantity, replenish, cost effective and environmental friendly compare to
fossil fuels. Solar energy is the most available sources of renewable energy. It satisfy all the
environmental issue as there is a small pollution compare to the coal power plant while generating
electricity. A power generation process based on solar energy conversion is carbon dioxide emission to
the atmosphere which is assumed to be a major source of global warming gases (1). Solar technology
has a strong potential to meet our growing demand of energy and reduce dependence on fossil fuels. The
amount of energy being consumed by us is only

of energy being intercepted by earth (2).

With the demand of solar energy, Concentrating Solar Power (CSP) has become an important
technology in solar energy harvesting. Here, this solar energy is being stored in thermal energy storage
(TES) system. A combination of solar thermal energy generation and energy storage could overcome the
intermittency of renewable power generation alone and can contribute to making electricity generated
from a CSP plant cost competitive with conventional sources of electricity. Based on the existing power
producing technologies, CSP technology has higher energy conversion efficiency and cost competitive
compare to photovoltaic panels (3), (4). TES collect solar energy from sun ray and store it as thermal
energy to deliver for later use or to smooth the power output in peak demand. When the sun does not
shine and the ambient temperature is lowest, household needs for energy supply comes from solar
energy that is stored as thermal energy. This time lag between supply and demand in day time and night
time is overcome by TES technology.
TES comprises a number of technologies for storing solar power on large scale for later use. Two
tank direct, two tank indirect storage and single tank thermocline are some of the options currently
available for large scale heat storage. Among these a single tank system is cheaper and requires less
space to build (5). In a single tank system hot and cold fluid are separated by a temperature gradient.
One of the major challenges for the single tank thermocline is maintaining the thermocline region in the
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tank, so that it does not spread out to occupy the entire tank. Two distributors were introduced near the
inlet and outlet to maintain the uniform velocity throughout the tank.
Two different types of distributor are tested to check the uniformity of velocity distribution. One
is pipe flow distributor and another one is honeycomb distributor. Honeycomb distributor is a plate type
distributor. For the pipe flow distributor the geometry is varied by its dimension. Diameter of the tank,
inlet-outlet diameter, pipe diameter and diameter of the hole kept constant for this pipe flow distributor.
The configurations that were changed are the number of holes, distance between holes and position of
the holes. For the honeycomb distributor the thickness of the plate shape distributor and the diameter of
the honeycomb were changed. The geometry was modeled by using the commercial software GAMBIT
2.4.6 and the numerical calculation was done by FLUENT 6.3.
The efficiency of solar thermal power plants usually entrusts on high operating temperature of
the storage fluid or heat transfer fluid (HTF). So the storage fluid should be capable to operate at high
operating temperature with high heat capacity and thermal conductivity. In this thesis Hitec® molten salt
was used as the HTF and was doped with nanoparticles with different concentration for the enhancement
of thermal properties. Several cases with different nanoparticles were run to determine the best case
scenario.
This thesis has sectioned in six chapters. Chapter 1 outlines the importance and future prospectus
of solar power generation over fossil fuels. Also this chapter depicts a brief description about the
procedure of doing the job. Chapter 2 features the literature review on single tank thermocline, different
types of technologies to generate electricity from concentrated solar power, different types of
distributors, thermal properties enhancement by adding nanoparticles and the cost analysis. Chapter 3
gives an outline of the software, theory behind the calculation. Chapter 4 has the description of how to
make the geometry, the mesh analysis and the boundary conditions. Chapter 5 is all about the results and
discussion of the theoretical and numerical calculation. Finally chapter 6 summarizes the conclusion
about this thesis work as well as future recommendations for the future work.
The goal of this thesis is to determine the design criterion of an efficient flow distributor to get
the uniformity in velocity distribution in a single tank thermocline TES system. Uniform velocity
2

distribution is one of the preeminent performance factors of single tank thermocline TES system. This
thesis also initiates the enhancement of thermal properties of HTF by adding nanoparticles.
The numerical analysis was done by using the commercial software GAMBIT 2.4.6 and
FLUENT 6.3. These software facilitate from the multicore processor computer Nalanda, Cahokia and
Scylad. All of these computers are the properties of The University of Texas at El Paso. All of the
students from Computational Fluid Dynamics lab have the remote access into these computers.
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Chapter 2: Literature Review
2.1

RENEWABLE ENERGY
Renewable energy is a natural source of energy, i.e., solar, wind, biomass, geothermal,

hydropower. It is abundant in quantity, replenish, cost effective and environmental friendly compare to
fossil fuels. The United States’ energy consumption rely on the fossil fuel i.e. coal, gas, oil. In 2010,
energy consumption in U.S. was 21% from coal, 37& from petroleum, 25% from natural gas, 9% from
nuclear power plant and 8% from renewable energy. Figure 2.1 shows this graphical data (6).

Figure 2.1: Energy consumption pie chart for year 2010
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Now a days, the government of the United States contemplate on clean energy. The USA
President declared $28.4 billion budget request for Department Of Energy (DOE) for fiscal year 2011
and $2.36 billion for Energy Efficiency and Renewable Energy (EERE) (7) . The SunShot initiative
budget for fiscal year 2012 targeted their goals on broad categories for solar projects. They invests a big
amount on CSP technologies to reduce the costs of solar energy. Also the grid-integration projects that
cause the continuous integration of solar energy into the US electric grid (8)
In year 2011, energy consumption from renewable energy has increased by 1.1% compare to
previous year. U.S. Energy Information Administration has reported this data in their monthly energy
review report, April 2012. Figure2.2 shows the graphical data of percentage energy consumption of
different sources (9).

Figure 2.2: Energy consumption bar chart for year 2012
5

Renewable energy is one of the leading sources of clean energies. We get 10% of electricity
from renewable energy. While in large scale power production, solar is the most efficient and cost
effective renewable energy compare to others. Power receiving rate from the sun is approximately 1000
watts per square meter while facing the sun (10).
2.3

SOLAR TECHNOLOGIES
The solar energy we get from the sun gets converted it to heat or thermal energy to produce

electricity. Two major technologies of producing electricity from solar are
1. Photovoltaic (PV)
2. Concentrating Solar Power (CSP)
PV is a solar technology that collects solar energy from sunlight and produces direct current
electricity by converting the photons from the solar energy in electrons. Many solar panels composed
with number of solar cells containing photovoltaic material are used to harvest electricity from solar
radiation. To form a large utility-scale PV system hundreds of solar panels are conjoined together.
Concentrated Solar Power (CSP) is a technology to generate electricity by collecting solar
energy with sets of mirrors or lenses. There are different technologies for collecting solar energy.
i)

Parabolic trough

ii)

Power tower

iii)

Frensel reflectors

iv)

Dish Stirling
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2.4

PARABOLIC TROUGH THERMAL ENERGY STORAGE TECHNOLOGY
In this technology parabolic trough is one of the methodologies to collect solar energy. A solar

field could consist of hundreds or thousands of single axis tracking parabolic shape solar collectors.
These modular array of solar collectors are placed in a solar field facing the sun. Each solar collector
assembly is an independently tracking. The parabolic shape mirror reflects sunlight and concentrate on
the collector placed at the focal point. The heat transfer fluid in the collector, integrated with a storage
tank, is then heated up. This heat transfer fluid is giving its heat to water to make steam. Steam is used to
run steam turbine and to produce electricity.

Figure 2.3: Parabolic
Trough

2.5

CONCENTRATING SOLAR POWER
In concentrating solar power plant a parallel sets of parabolic shape mirror reflects the sunlight

and take the natural heat from sun. Focus all of the heat on one area; send it through a power system and
this is the renewable way of making electricity (11). CSP power plant reduces dependency on fossil and
7

has more potential in climate change issues (12). Solar is the most exploring renewable energy for
power generation either directly or indirectly. Direct solar energy conversion, in particular the CSP
technologies, has become an attractive option in view of rise in conventional energy costs. Fig 2.4 shows
the schematic diagram of producing electricity by parabolic trough concentrated solar power (CSP)
system (13).

Figure 2.4: Concentrating Solar Power System

Generating electricity from solar energy is always an area of key study because it decreases the
consumption of fossil fuel, the exiting flue gas is carbon-di-oxide free which is assumed to be the main
reason for global warming and there is no green house gas released from the power plant. Most of the
thermal storage systems are able to store energy at day time and can only supply for a few hours in
absence of sun. Researchers and Scientists are still working to find an efficient and cost effective solar
8

energy storing technology for long period. Various technologies have been proposed for producing
electricity in large scale from CSP plant (14) (15). In between current technologies’, parabolic trough is
more energy conversion efficient and cost effective compare to the photovoltaic panels (3) (4). These
solar power plants technologies include either a set of arrangements of parabolic troughs and dishes or
mirrors with a solar tower. Temperature of HTF plays an important role on energy efficiency which can
be increased up to several hundred 0C (16). The first parabolic trough Solar Electric Generating Station
(SEGS) of 13.8 MW net outputs, was running its operation on the year of 1985 at Mojave desert,
Daggett, California. This plant was operated by natural gas (17). Parabolic trough CSP plant at Arizona
was the first power plant operated without fossil fuel. This 1 MWe capacity power plant was started its
operation in 2005 and operated by Organic Rankine Cycle (ORC) (18). The following table shows the
parabolic trough power CSP power plants operated in USA (13).

Table 2.1: Operational US parabolic power plants
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Parabolic trough thermal energy storage technology has three different technologies, i.e. Twotank direct, Two-tank indirect and Single-tank thermocline system (19). Sandia National Laboratories, in
collaboration with the National Renewable Energy Laboratory (NREL), have done comparisons between
the more conventional two tank storage systems and single tank thermocline storage systems and have
shown that thermocline-based energy storage configurations can be the least-cost energy storage option.
The thermocline system was approximately 35% cheaper than the two tank storage system as it does not
require any heat exchanger and the setup occupies less space compared to the two tank storage system
(20), (21).
2.6

THERMAL ENERGY STORAGE
In the energy conservation system, Thermal energy storage (TES) is one of the key technologies.

It has a great impact on practical use in thermal applications, power generations such as space and water
heating, cooling, power plant etc. TES systems have immense aptitude to facilitate competent use of
energy in tidy scale though in economic way.
TES is an advanced energy technology for concentrated solar power system. It is quite sufficient
to meet the current demand of energy from solar power. But the intermittency of solar energy is the
main obstacle to meet this demand. It needs to be stored for continual supply as though it is only
available at day time. The concept of TES system is antecedent from resolving the discrepancy between
the supply and demand of energy. It is environmentally benign and can meet the demand of energy
consumption more efficiently.
Thermal energy storage comprises a number of technologies which can be used to store solar
energy and converted to as thermal energy for later use. So that it can make poise in between the energy
demand of day time and night time. The process of collecting solar energy is to pile up solar heat into
solar collectors and then transferred to insulated repositories for future useful applications such as space
heating, generate electricity and so on. Most practical solar storage system is compatible for small scale
storage. It can store solar energy at day time which can be used during night time.
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Thermal energy storage technology includes three types i.e.
1. Two-tank direct
2. Two-tank indirect
3. Single-tank thermocline
2.6.1

Two-tank Direct
In two-tank direct system solar thermal energy has been stored in the same type of fluid. That is

both tank – the higher temperature tank and lower temperature tank contain the same type of fluid. Fluid
flows through the solar collector or receiver from lower temperature tank to higher temperature tank. On
this way fluid is heated to higher temperature and stored in higher temperature tank. From higher
temperature tank it goes to the way to heat exchanger where it generates steam for producing electricity.
When fluid left the heat exchanger it cools down and returns to the low temperature tank. This is the
complete cycle of two-tank direct system. Figure 2.5 shows a schematic diagram of two tank direct
system (22).

Figure 2.5: Two-tank direct energy storage system
11

There are two setup used this two-tank direct storage technology, one is parabolic trough power
plants (such as solar electric generating station) and the other one is at solar two power. Parabolic trough
power plant uses mineral oil (Caloria) as the media of heat transfer for energy storage that can be used in
future. Whereas the solar two power tower uses molten salt as the heat transfer media in their system
(19).
2.6.2 Two-tank Indirect
Solar Two power plant has been experiencing this two-tank indirect system. This Solar Two
power plant is also incorporated with parabolic trough power plant adjoining by a series of heat
exchangers.
The technology of two-tank indirect system differs with the two-tank direct system in the case of
heat transfer fluid. Is this system it uses two different types of fluid as heat transfer media instead of one.
Fluid (cold molten salt) from low temperature tank runs counter currently through a heat exchanger and
gets heated by the higher temperature tank’s fluid. After heating up the low temperature fluid the higher
temperature fluid returns to its reservoir tank. The function of low temperature fluid is then to get as
outflow from the heat exchanger at a lower temperature and go back to the solar collector or receiver to
get heated to higher temperature. The steam that is produced for power generation is produced by the
fluid from higher temperature tank. This two-tank indirect system the extra cost is added by the heat
exchanger compared to the two-tank direct system. Figure 2.6 shows a schematic diagram of two-tank
indirect system (22).

12

Figure 2.6: Two-tank indirect thermal energy storage system

2.6.3 Single-tank Thermocline
In single-tank both the hot and cold fluid stored together. It reduces the capital cost
comparing to direct two-tank storage system. In this system the two regions - hot and cold temperature
region is disjoined for all operating period. These two regions separated by a temperature gradient
known as thermocline. The hot fluid positioned at the top and the cold fluid at the bottom of the tank.
When the system is charged the cold fluid is drained from the bottom of the tank, heated up by the solar
field and returned through the top of the tank. In the discharging period the hot fluid drawn from the top
of the tank and cooled down while passing through the power conversion equipment (1), (23), (24).
Figure 2.7 shows a schematic diagram of single tank thermocline TES system (22).
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Figure 2.7:

Single-tank thermocline thermal energy storage system

During the charging-discharging cycle, the thermocline region should not be disturbed. The
buoyancy effects maintain this region by remaining the hot fluid region at the top and the cold fluid
region at the bottom of the tank. To further reduce the operating cost, the storage fluid is replaced by the
low cost filler material i.e. quartzite rock, sand (19).
2.7

PHASE CHANGE MATERIAL
Phase change material (PCM) is one of the promising alternative technologies for thermal energy

storage. According to the thermodynamic law when a material changes from one phase to another i.e.
solid to liquid, liquid to vapor or vice versa, an amount of energy release or absorb by the system. Same
principal is applied in the PCM thermal energy storage system. The PCM goes to change the state from
solid to liquid and thus storing and releasing large amount of thermal energy. The reverse situation
happens while it changes its state from liquid to solid. So the charging and discharging cycle depends on
14

the phase change phenomenon of the material. For storing the thermal energy PCM use the concept of
latent heat. Latent heat produces or absorbs huge amount of energy while it changing its’ aggregate state
from solid to liquid or vice versa. The advantages of this encapsulated phase change materials is at
constant temperature it has high melting points as well as it can store large amount of energy at the time
of phase transition. Salt and salt eutectics are considered as the most practical PCM for its reasonable
temperature range. Figure 2.8 shows a phase diagram of phase change material (25).

Figure 2.8: Phase diagram of phase change material

The big concern in PCM thermal energy storage system is the arrangement or contour of the
PCM. For the single medium PCM system, LUZ proposes a series cascaded system of PCM storage
modules and this arrangement enables to make more effective use of latent heat capacity. In another
arrangement, steam could be generated directly in the system (26). It can also be arranged in such a way:
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- Shell and tube heat exchangers in which tubes are filled with PCM and the HTF is circulated through
the shell or vice versa
- A pressure vessel, consisting with encapsulated PCM on the way of arrangement in packed bed
- A direct contact configuration in which the PCM and the HTF are in close contact and thus it occurs
the heat transfer
The first obstruction of using PCM is the thermal conductivity. Poor thermal conductance of
solid PCM is a drawback compare to the convective heat transfer in HTF. While the discharging cycle,
this solid state of PCM require more surface area for transferring heat in a specified time. This
increasing heat transfer surface area is the denouement of inflate cost. The second obstruction is pinch
point problem which happens due to the small temperature difference between the HTF and PCM at the
temperature near to the changing phases during charging discharging cycle. This small temperature
difference demand more surface area for complete heat transfer.
For the encapsulation of PCM the Lehigh team uses zinc as the phase change material which is
encapsulated in a cylindrical or spherical capsule. The melting temperature of the capsule material
should be higher than the PCM, so that while the PCM under goes to phase change the capsule material
maintains its integrity. This will result a good heat transfer rate between the PCM and HTF. The main
concerns about the encapsulated PCM are about the size of the zinc pellets, the optimal ratio of PCM,
encapsulation and the thickness of the encapsulation and the design of the thermal storage vessel (27).
Donald and John investigated the thermal dispersion, spatial variations in void fraction and
transient response of solid and fluid phases of a packed bed TES unit (28). The transient thermal
influence of a packed bed of spheres is numerically analyzed by Beasley et al (29). Mumma, et al,
Bhavsar, et al, Mawire and Mcpherson [6], developed pebble bed for TES system and used oil as the
heat transfer storage medium and observed the thermal wave front characteristics for electrical power
production (30) (31) (32).
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Several works have been done on single tank thermocline TES system. The current baseline
design for SEGS plants uses Therminol VP-1® as the HTF in the collector field. A report from Sandia
National Lab stated about the scope, facilities and evaluated the feasibility and cost effectiveness of
single tank thermocline TES system by using molten salt as the HTF. HitecXL was used as the HTF
instead of VP-1 and it has increased in Rankine cycle efficiency to ≥40%, thermal storage cost drops
65% compared to Nextant/Flabeg results for VP-1 which is about $18.2/kWh for HitecXL and
$10.7/kWh for HITEC® (33). Laurent and Steven described about the details benefits of employing a
single tank TES system at a range from 10MW to 100MW power generation and also discussed on the
impacts of different types of HTF and cost analysis of using filler material along with HTF (34). Z.
Yang and S.V. Garimella looked into the thermal characteristics of a single tank thermocline for
HITEC® HTF under different environmental boundary conditions of a CSP plant. They used HITEC®
molten salt for illustration and quartzite rocks as the filler material to reduce the HTF cost (35).
Phase change material is another way to increase the efficiency of TES system for parabolic
trough power plant. It can reduce the Levelized Cost Of Energy (LCOE) for CSP plants (36). This phase
change materials, using by the latent heat TES system The single tank thermocline, stores or releases a
large amount heat during charging-discharging cycle. A research group from Lehigh University is
working on the encapsulated PCM for the enhancement of thermal characteristics of TES system. They
make a laboratory scale model for experimental setup (27). Several works have been done on the
assessment of thermal characteristics of TES system for PCM and the properties of various types of
PCMs (37), (38), (39), (40), (41).
Among all of the technologies for the enhancement of thermal properties, adding nanoparticle in
HTF shows the best case scenario. TES shows significant intensification of thermal behavior while
adding nanoparticle to the HTF. For the single tank thermocline TES system it is desired not to increase
the thermal conductivity as much as specific heat capacity. Because the heat conductivity is proportional
to the heat diffusivity, as a result raising of heat conductivity also gives rise to the thermal diffusivity.
Thermal diffusivity is the main concern for maintaining the thermocline region in a single tank TES
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system. If the value of thermal diffusivity increases with nano HTF, it will disturb the thermocline
region; will increase the non useable energy area resulting diminishing in efficiency of the system.
Eastman et al. recorded 30% and 60% of thermal conductivity enhancement for water based nanofluids
of Al2O3 and CuO respectively at 5% volume concentration. He also determined 44% thermal
conductivity enhancement for oil based copper nanofluids at 0.052% volume concentration (42). Xuan
and Li showed 54% thermal conductivity increased with 5% volume concentration of water based
copper nanofluids (43). Das et al., Patel et al observed the enhancement of thermal conductivity and the
dependency of this enhancement along with temperature increases. They used Al2O3, CuO and Ag
nanofluid for very low volume concentration (44), (45). A research group from Texas A&M University
is working on the specific heat capacity enhancement for high temperature silica-nanofluids into
chloride based solvent (46).
Researches are being conducted on TES technologies for years and new concepts are getting into
shape based on these research. There are several power plants already been developed throughout the
world. In the year 1980, nine trough power plant, which are also called Solar Energy Generating System
(SEGS), were built in the Mojave Desert near Barstow, California. The combined capacity of these
power plants is 354 MW (47). The Andasol solar power plant, located on Southern Spain, is Europe’s
first and largest solar power plant. This power plant has three units and with the output capacity of
50MW each (48). Abengoa Solar scheduled to go on-line in 2011 in collaboration with Arizona Public
Service Co (APS) with 280 MW concentrating solar parabolic trough power generation (49).
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Chapter 3: Numerical Method
The reliability of the numerical analysis approach is a matter of big concern to engineers and
scientists. It is limited by the computational resources, the accuracy of numerical models, proper
boundary conditions etc. With the invention of affordable high performance parallel computers and
advances in computational techniques in recent years, it is able to deal with and study real life problems
with significantly better accuracy.
This thesis work is completely based on numerical analysis. I checked various cases for different
types of distributors with different geometry, different configuration and the thermal properties
enhancement of the heat transfer fluid. Finally I compared all the results to find the best case scenario.
But it would not be possible to check all the cases in practical, because it would be really expensive. So,
numerical result makes the guideline to select the experimental setup and thus make it cost effective.
3.1

GOVERNING EQUATIONS
The flow distribution of a single tank thermocline

TES system is a fluid dynamics problem.

The fundamental of Computational Fluid Dynamics (CFD) is nothing but the numerical methods and
algorithms to solve and analyze the fluid dynamic phenomena (50). Sets of governing equation have
been solved to get the solution. Fluid Dynamics (FD) is governed by the Navier-Stokes equations.
Navier-Stokes equation has established in the 19th century. This is a set of nonlinear time
dependent advective-diffusive equations. It describes the conservation of linear momentum for a linearly
viscous (Newtonian), incompressible fluid flow. The flow which does not varies in density or the
density variations are negligible, are called incompressible flow. For practical applications, when the
Mach number is less than 0.3 (i.e. the maximum density variation is less than 5 percent), the flows are
treated as incompressible. Navier-Stokes equation for 3-D fluid flow can be written as follows:
(3.1)
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The continuity equation assumed the fluid to be constant. That is, properties such as density,
pressure, temperature and velocity are taken to be well-defined at infinitely small points and are
assumed to vary continuously from one point to another. The conservation of mass equation is defined
as
(3.2)
The conservation of momentum equation is defined as
(3.3)
The conservation of energy equation is defined as
(3.4)

Schumann presented a set of governing equations in his journal for heat transfer through a porous prism.
He was looked for the well-known laws governing the transfer of heat from a liquid in turbulent motion
to a solid to find the temperature distribution (51).
3.2

BOUNDARY CONDITIONS
Boundary conditions are a set of conditions to define the behavior of the solution at the boundary

of its domain. It is very important for the mathematical model (52). To accurately represent the fluid
dynamics, a proper boundary condition must be imposed on the outer boundaries of the fluid domain
and on the inner surfaces representing fluid-structure interfaces. Two types of boundary conditions are
available i.e.
i)

Dirichlet boundary conditions – specify the value of the function at the boundary, e.g.
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ii)

Neumann boundary conditions – specify the gradient normal to the boundary of the
function at the boundary, e.g.

Usually mixed type of boundary conditions is used to solve the fluid dynamics problem. While using a
mixed type of boundary condition, a function of the form

is applied.

In a numerical simulation it is impossible to solve a problem without defining proper boundary
conditions. Numerical simulation also needs to consider physical process in the boundary region.
Results may vary while applying different boundary conditions. Improper boundary conditions may
provide nonphysical influences on the simulation results. That means boundary conditions play an
important role in accurate simulation result.
In this thesis four different boundary conditions were used, i.e., velocity inlet for inflow, pressure
outlet for outflow, wall for boundary wall and interior for holes.
a)

Velocity inlet: Velocity inlet boundary conditions are used to define the flow velocity, along

with all relevant scalar properties of the flow, at flow inlets. The total (or stagnation) properties of the
flow are not fixed, so they will rise to whatever value is necessary to provide the prescribed velocity
distribution.
b)

Pressure outlet: Pressure outlet boundary conditions require the specification of a static (gauge)

pressure at the outlet boundary. Pressure will be extrapolated from the flow in the interior. All other
flow quantities are extrapolated from the interior.
c)

Wall: Wall boundary conditions are used to bound fluid and solid regions. Here the shear stress

and heat transfer between the fluid and the wall are computed based on flow details in the local flow
field.
d)

Interior: Interior boundary conditions are used to flow fluid through an area.
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3.3

GRID
In Gambit software, grid is generated for the CFD solver. Grid designates the cells or elements

on which the flow is solved. It is a discrete representation of the geometry. Design and construction of a
quality grid is crucial to the success of the CFD analysis. More cells means higher accuracy. Coordinate
system provides points and directions for Gambit operation to create a grid point. Cells are grouped into
boundary zones where boundary conditions are applied. Grid could be structured or unstructured. A grid
that is organized in a regular pattern is called structured grid and a grid arrangement with irregular
pattern is called unstructured pattern. In this thesis structured triangular grid is used for the geometry.

Face
Cell

Cell center

Node

Figure 3.1: Structured grid

Figure 3.3: Structured Triangular grid

Figure 3.2: Unstructured grid
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In Gambit, both 2D and 3D grid could be generated. 2D grid consumes much less memory and takes less
time to do numerical analysis. A 2D grid intrinsically assumes that there are no velocity gradients in the
direction normal to the grid. Grid has a significant impact on rate of convergence and solution accuracy.
3D grid is essential for 3D simulation problem. It consumes more memory and computational time is
longer compare to 2D grid. It generates for a volume.

u/z =0

z
y
x

Figure 3.4: 2D grid

3.4

Figure 3.5: 3D grid

MESH
To analysis a fluid flow or heat transfer problem, the governing equations are not usually

amenable to analytical solutions. A numerical method, named finite volume discretization, solves the
partial differential equations to analyze a fluid flow problem. So to analyze fluid flows, the domain is
discretized into smaller volumes. The algebraic equations then calculate each discretized volume. The
discretized volumes or subdomains are called elements or cells and the set of all elements are called
mesh. Choosing the inappropriate mesh will cause error and also effect accuracy of results during the
analyzing process in Fluent.
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Chapter 4: Methodology
This chapter includes the theory behind the numerical analysis of the velocity distribution of a
pipe flow distributor for single tank thermal energy storage system. It also describes the theory of the
thermal properties enhancement of nanofluid for TES system.
4.1

GEOMETRY OF SINGLE TANK THERMOCLINE SOLAR TES SYSTEM
The geometry of single tank thermocline TES system was drawn by using a commercial

software Gambit 2.4.6. The dimension of the single tank was chosen from a research work done by
Yang Z. and Garimella S.V. (35). The tank assumed to be same length and diameter i.e. the aspect ratio
was one. Height of the cylindrical shape tank is
could be varied up to

height and

, diameter is

. But this dimension

diameter (53). Figure 4.1 shows a single tank concentrated

solar power system and the interior of the single tank and Figure 4.2 shows the schematic diagram of

TC

Charged height,
HS
Discharged height, Thermocline
HS
thickness, δ

Hot Molten Salt

Temperature
profile for partially
discharged tank

Temperature gradient zone

Cold Molten Salt

Tank height, H

Charge

single tank storage system and cross-section of the distributors.

Figure 4.1: single tank concentrated solar power system and the interior of the single tank
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0.6m
12 m

Inlet
0.5m

11 m

Top view

Distributor near inlet

10 m
9m
8m
7m
6m
5m

dt=12m

4m
Z

3m
2m
1m

Y

Distributor near outlet

0m
Outlet

0.5m

X

Figure 4.2: Schematic diagram of a Single Tank Thermocline

Inlet diameter, outlet diameter, distributor diameter, height between inlet-outlet and distributor
satisfy the following the formulas,

,

and

(35). The hot fluid comes in from the top of the tank, which is inlet and the cold fluid goes out from the
bottom of the tank which is outlet. The total area of the holes or fractional-fluid area of the tank, through
which the fluid is entering and exiting, is defined as
(4.1)
The percentage of flow is defined as the ratio of total area of the holes to the area of the tank
(4.2)
This percentage is varied by cases as the number of holes is different for each case.
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To be fully charged by 6 hours, the inlet velocity of the molten salt is about
height and diameter of

for the tank

.
(4.3)

The average velocity of the thermocline front is calculated by the following formula

(4.4)

Reference velocity for different height of the tank and reference time is calculated by (54).
(4.5)

For study, I assumed

and

Hitec® molten salt is used as the thermal storage medium because of its low melting point
(2880F or 1420C), high heat transfer coefficient, thermal stability, and low-cost. Hitec® is a eutectic
mixture consisting of potassium nitrate (
(

by wt), sodium nitrite (

by wt) and sodium nitrate

by wt). It is nonflammable, non-toxic, water soluble, inorganic salt. It serves an excellent

performance with the temperature range up to 8500F (4540C) for a long time (55).
4.2

PROBLEM DESCRIPTION OF PIPE FLOW DISTRIBUTOR
A pipe flow distributor with varying dimensions is designed to check the performance. The

dimensions vary according to the number of distributor pipes, number of holes, distance between holes
and the position of the holes. Two distributors are being used, each one placed at a distance of
from inlet and outlet respectively. The main pipe is attached to the tank and the distributor pipes are
placed horizontally and perpendicular to the direction of the main pipe. The number of distributor pipes
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varies from 6 to 9, while the distance between each pipe varies as a function of

. The value of

is

determined by the following equation

(4.6)

The number of holes varies by the number of distributor pipes and the distance between the
holes. The position of the holes is another parameter being checked to compare the results between
cases. Holes are placed at the bottom of the distributor pipes for configuration 1 (Figure 4.2) and at the
top of the distributor pipes for configuration 2 (Figure 4.3) This means that, the position of the holes in
Figure 4.3 maintains the inflow directions, while in Figure 4.4 the position of the holes inverts the
inflow direction, nonetheless, slowing down the inflow.

Figure 4.3: Configuration 1 where holes positioned
at the bottom near the inlet

4.3

Figure 4.4: Configuration 2 where holes
positioned at the top near the inlet

ESTIMATION OF EFFECTIVE POROSITY AND VOID FRACTION OF HONEYCOMB DISTRIBUTOR

The schematic diagram of a honeycomb distributor is shown in Figure 4.5 and Figure 4.6
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Figure 4.5: Honeycomb distributor

The diameter of the hexagon is
between two hexagon is

Figure 4.6: Honeycomb distributor
designed in Gambit

, height of the honeycomb distributor is

, thickness

.

Same HTF Hitec® molten salt is used as the thermal storage medium with the same properties.
The 3D geometry for the honeycomb distributor is very complicated and the mesh is used to be very
fine. So I considered small scale geometry for the numerical analysis. The value of pressure jump
coefficient was found this small scale geometry simulation result and later this value was used for the
porosity. From that porosity the final velocity distribution result was found.
For laminar flow the Ergun equation is used to derive the porous media input (56)

(4.7)
Here,
particle diameter,

is the pressure drop

is the fluid viscosity,

is the length of the bed and

is the fluid density,

is the mean

is the void fraction, defined as the volume of voids

divided by the volume of the packed bed region.
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For laminar flow Blake-Kozeny equation is used (57)

(4.8)
The permeability and inertial loss coefficient in each component direction is defined as

(4.9)
and

(4.10)
4.4

CALCULATION OF KEFF & CPEFF FOR NANOFLUID
The overall efficiency of a thermal energy storage system depends on the thermo-physical

properties of thermal energy storage components and heat transfer fluid. For an efficient TES system the
operating temperature should be higher. Higher operating temperature in CSP result in enhanced thermal
efficiency of the thermodynamic cycles that are used in harnessing solar energy (e.g. using Rankine
cycle or Stirling cycle) (58). Specifically the thermal conductivity and specific heat capacity of heat
transfer fluid has a great impact on the efficiency of TES system.
Molten salts have a wide range of operating temperature and are thermally stable up to

.

The advantages of choosing molten salt as the HTF are
1.

Stable up to very high temperatures

2.

Higher operating temperatures significantly increase the overall efficiency of CSP system

3.

Using low cost molten salt can reduce the unit cost of solar thermal power

4.

Molten salts are environmentally safe and there are no chemical hazards.

I choose Hitec® molten salt as the storage fluid but the thermal property values for this molten
salt are comparatively low. The specific heat capacity
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value is

and the thermal

conductivity

is

(55). So to increase the

and

value the molten salt can be doped

with nanoparticles. Nanoparticles are the distinct solid particles with a nominal size in the range of
(59) and when solvents are doped with these nanoparticles at minute concentrations, are
called nanofluids (60) (61) (62).
The new value of

and

for the nanofluids are called

and

.

is calculated by

using the following formula (63),
(4.11)

Where

is the thermal conductivity of nanoparticles,

in my case molten last, and

is the thermal conductivity of base fluid or

is the volume fraction of nanoparticles.

is calculated by using the following formula (64),
(4.12)
Where
and

is the specific heat capacity of nanoparticles,

is the specific heat capacity of base fluid,

is the mass fraction of nanoparticles.
Since the changes in volume upon mixing of the nanoparticles with molten salt are not known

correctly, so the concentration of nanoparticles were measured by mass directly. This is the way to
curtail the uncertainty created when volume fraction converts to mass fraction via densities, that of the
nanoparticles and of the nanofluid.
(4.13)

(4.14)
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The value of

and

of nanofluid were used to calculate the energy stored in a single tank

thermocline while adding nanoparticles. The energy stored was calculated by deducting the initial
energy storage from total energy storage. Both data were found from the simulation result.
Energy stored in the thermocline region was calculated from enthalpy at that region. The
thermocline region was assumed to be in the temperature zone

. The energy equation is

as follows,
(4.15)
Here,

is the energy at thermocline region,

energy of the tank,

is enthalpy of the tank,

is the enthalpy at thermocline region,
is total volume of fluid and

is total

is volume of fluid at

thermocline region.
4.5

MODELING OF PIPE DISTRIBUTOR IN GAMBIT
Design software Gambit 2.4.6 was used to draw the geometry of the single tank thermocline TES

system for CSP. I drew a 3D geometry of this tank with two distributors. This is a complicated
geometry. The tank has one inlet port at the top and one outlet port at the bottom. Distributors are placed
near the inlet and outlet. Distance between distributor and inlet port is

, total height of the tank is

.
For pipe flow distributor, the diameter of the inlet, main pipe, the distributor pipes and the height
and the width of the tank are assumed to be constant. Dimension of the distributor was varied by the
number of holes, distance between the holes, position of the holes and number of distributor pipes. After
modeling the geometry, boundary condition was applied. Implemented boundary condition for
distributors and tank are considered as wall, holes are interior, inflow is velocity inlet, and outflow is
pressure outlet. Finally the mesh operation was performed to make the geometry prepared for numerical
analysis in the area where fluid passes through. The tank domain is discretized into finite volumes using
triangular mesh. At first I did the edge mesh with interval count
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for holes,

for distributor pipes

and inlet-outlet, and

for tank wall. The next step was meshing the face with pave type triangular

elements. Finally the volume mesh operation was performed with TGrid type Tet/Hybrid elements.
These were fine mesh there had no skewed elements. Then the geometry file was ready to export as a
mesh file.
4.6

MODELING OF HONEYCOMB DISTRIBUTOR IN GAMBIT
Again same design software Gambit 2.4.6 was used to draw the geometry of the honeycomb

distributor for single tank thermocline TES system for CSP. I drew a 3D geometry of the honeycomb
distributor for a single tank of
was

, height

height and

diameter. Diameter of each hexagonal shape hole

and distance between two hexagon was

. Boundary conditions for this

geometry were same as pipe flow distributor case. Inflow is velocity inlet, outflow is pressure outlet
distributors and tank are considered as wall, and hexagonal shape holes are interior. While the meshing
operation was performed, the edges of the geometry were divided with interval size 0.03 and the
successive ratio was one. In the face mesh operation, faces were meshed with pave type triangular
elements and in the volume mesh operation was performed with TGrid type Tet/Hybrid elements. These
were very fine mesh and it had only 2 skewed elements. Then the geometry file was ready to export as a
mesh file.
4.7

NUMERICAL MODELING
A high fidelity CFD modeling can help to understand the physics involved in the TES system. It

can accurately predict the natural and mixed convections that can be used to refine the experimental
analysis. To understand the flow physics involved in such fluid systems and ascertain the superior heat
transfer capability, accurate computational modeling is necessary. Modeling such flows involves
resolving the fluid dynamics and thermal heat transfer phenomena of nano-fluidized systems. To resolve
these scales, very refined grid is necessary. Grid refinement leads to increase in computational problem
size and hence there will be need for parallel computing. I carried out CFD analysis for various flow
distributor design to capture and predict the thermal and fluid dynamics properties using Fluent 6.3
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software. I observed that flow distributor can cause a lot of mixing if they are not carefully designed. I
investigated the effects of configuration changes for the flow distributors with various hole distributions.
4.7.1

Velocity distribution
Numerical analysis was performed by using the commercial software Fluent 6.3. The mesh file

was read in Fluent 3D version. The flow is assumed to be laminar. The temperature was kept constant
while checking the velocity distribution through the pipe flow distributor, thus the energy equation was
turned off. In the boundary condition panel, I choose Hitec® as fluid and put

as inlet velocity.

Pressure velocity coupling is implemented using the SIMPLE algorithm and first order upwind
discretization scheme is used for momentum. By using the pressure based solver, velocity distribution is
calculated for steady-state flow.
4.7.2

Temperature distribution
For this numerical analysis the energy equation was turned on from the solver panel. The

temperature range was set from

to

. Fluid properties were set as piecewise-linear which

means that the properties such as, density, specific heat capacity, thermal conductivity, and viscosity
were temperature dependent. In the boundary condition panel, the input velocity was set to

.

This value is assumed to be the average velocity for entire tank. The non-iterative time advancement
(NITA) scheme was enabled, so the tank is assumed to be fully charged by 6 hours. The pressure
velocity coupling was implemented with fractional step scheme as NITA scheme was enabled. For
discretization, pressure equation was set with standard scheme, momentum convection-diffusion
equation was set with quick scheme, and energy equation was enabled with first order upwind scheme.
For iterating, the number of time steps was set

with time step size
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Chapter 5: Results & Discussions
This chapter shows the numerical results of the performance of pipe flow distributor and
honeycomb distributor for uniform velocity distribution in a single tank thermocline solar thermal
energy storage system. This chapter also includes the numerical results of thermal properties
enhancement by adding nanoparticle in Hitec® molten salt which is the storage fluid for this solar TES
system.
5.1

RESULTS FOR PIPE FLOW DISTRIBUTOR

5.1.1

Results for configuration 1
In configuration 1, the fluid comes in directly through the distributor pipe holes which are

positioned along the flow direction (Figure 4.3) near the inlet and goes out through the distributor pipe
holes positioned in flow direction near the outlet. Thus fluid creates some turbulence near the wall and it
disturbs the thermocline region. Table 1 represents various distributor cases for different geometry of
configuration 1
Two different cases were studied and all the data are represented in Table 5.1. From this table an
idea can be developed about the velocity distribution. Velocity deviation is higher for 7 distributor pipes
with 140 holes compare to the geometry of 9 distributor pipe with 168 holes. I checked the velocity
deviation along the Z- axis at the tank height Z= 4, 6, 8. The reason to choose this range was because the
objective was to maintain the thermocline region and the thermocline region was supposed to be at the
middle of the tank. That is why I checked the velocity deviation only at this region.
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Table 5.1: Two distributor cases for configuration 1 showing varying number of distributor pipes and
number of holes and the velocity distribution at various positions in the tank
Case

1

2

No. of distributor
pipe

9

7

No. of Hole

168

140

Height of the tank along Z
axis

Velocity deviation
(in %)

4

0.22

6

0.25

8

0.29

4

0.37

6

0.40

8

0.43

Figure 5.1 and Figure 5.2 shows the velocity contour for the geometry of 7 distributor pipes with
140 holes and 9 distributor pipes with 168 holes. From this velocity contour it is clear that Figure 5.1
creates more disturbances in velocity distribution compare to Figure 5.2. This is because the mass flow
rate were same for the both cases, so when the fluid comes in from the inlet port it got less open area for
Figure 5.1 and thus the speed of the velocity was higher while it comes out from the holes and creates
more disturbance compare to Figure 5.2. So, less number of distributor pipes and holes are not good to
maintain the thermocline region for configuration 1. Another reason for creating higher velocity near the
wall and at the middle of the tank is because, fluid enters from the inlet and comes out from the pipe
flow distributor along to the flow direction and while go to the outlet, it also passes along the flow
direction. So there is no interference of fluid flow from inlet to outlet, which means fluid flow does not
changes ite direction while flowing. That is why fluid creates turbulence and it disturbs the thermocline
region.
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Figure 5.1: 7 distributor pipes with 140
holes
5.1.2

Figure 5.2: 9 distributor pipes with 168
holes

Results for configuration 2

In configuration 2, the fluid exits the distributor holes that are positioned at the top near the charging
inlet (Opposite to flow direction, Figure 4.4). At the outlet, the fluid exits the distributor holes in a
direction opposite to outflow. Thus fluid needs to flow in opposite direction while it exits from inlet and
this phenomenon slows down the fluid velocity. In this way it conserves the thermocline region. Table 2
represents various distributor cases for different geometry of configuration 2.
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Table 5.2: Various distributor cases for configuration 2 showing varying number of distributor pipes and
number of holes and the velocity distribution at various positions in the tank

Case

No. of Hole

1

No. of distributor
pipe
9

2

9

124

3

8

144

4

8

120

5

8

104

6

7

140

7

7

120

8

7

88

9

6

120

10

6

104

11

6

88

168

Height of the tank along
Z axis
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
4
6
8
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Velocity deviation (in
%)
0.22
0.23
0.20
0.37
0.36
0.35
0.31
0.37
0.37
0.34
0.38
0.40
0.31
0.37
0.37
0.15
0.17
0.15
0.23
0.23
0.18
0.16
0.14
0.19
0.26
0.27
0.32
0.41
0.39
0.44
0.30
0.33
0.36

Eleven different cases were studied and all the data are represented in Table-2. From this table an idea
can be developed on which is a good geometry for uniform velocity distribution. In the ideal case,
velocity deviation is zero percent from the average velocity. Table 2 shows that velocity deviation is less
for case 6 and high for case 10.
Figure 5.3 represents the plot diagram in which all of these cases were plotted to compare the
results. I drew lines at the position (X=±6; Y=0; Z=2, 3, 4, 5, 6, 7, 8, 9, 10) for checking the data at
different height of the tank. This plot shows the percentage velocity deviation at different height of the

Tank height (m)

tank.

Velocity deviation (%)

Figure 5.3: Percentage velocity deviation vs height of the
tank
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From the velocity contour we checked the uniformity of the velocity distribution. With the filled
node of auto range (minimum

to maximum

) velocity distribution cannot be figured out

clearly as the average velocity is very small throughout the tank. In order to see the uniformity of
velocity in the vertical direction, through the flow distributor, we checked the velocity contour with
velocity range from

to

(Figure 5.4 to Fig 5.11). Fig 5.4 to Fig 5.11 shows the velocity

contour for 6, 7, 8 & 9 distributor pipes with different number of holes. From this contour plot it can be
determined that Figure 5.7 has a more uniform velocity distribution compared to all other geometry. It
can also be observed that the velocity is higher near the tank walls.

Figure 5.5: 6 distributor pipes with 120
holes

Figure 5.5: 6 distributor pipes with 104
holes
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Figure 5.7: 7 distributor pipes with 140
holes

Figure 5.6: 7 distributor pipes with 120
holes

Figure 5.8: 8 distributor pipes with 120
holes
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Figure 5.9: 8 distributor pipes with 144
holes

Figure 5.11: 11 distributor pipes with 124
holes

Figure 5.10: 9 distributor pipes with 112
holes

5.1.3

Comparison of results between configuration 1 & configuration 2
I compared the results for configuration 1 & configuration 2 for two different pipe distributor

cases. I choose the best two cases for both configurations to compare the results. The purpose is to
determine a preferred configuration. Conclude that the mixing area increases as observed in the velocity
plot in the Figure 5.12.
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Tank height (m)

Velocity deviation (%)

Figure 5.12: Comparison of velocity deviation between configuration 1 & 2
From the plot it can be observed that configuration 2 sustains more stability on velocity
distribution. It is therefore expected to preserve the thermocline region. This finding is confirmed from
the velocity field distribution as plotted in the Figure 5.13 & Figure 5.14 which shows the velocity
distribution for the geometry of 7 distributor pipes with 140 holes. It was observed a more uniform
velocity distribution in the Figure 5.14 than the velocity distribution in the Figure 5.13 within the
velocity range from

to

. After analyzing the results, it can be concluded that

configuration 2 gave more uniform velocity distribution than configuration 1.
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Figure 5.13: 7 distributor pipes with 140
holes for configuration 1

5.2

Figure 5.14: 7 distributor pipes with 140
holes for configuration 2

RESULTS FOR HONEYCOMB DISTRIBUTOR
The honeycomb distributor is like a plate shape distributor. Holes are the hexagonal shape and

flows come through these holes from the inlet which is at the bottom of the tank and goes out from the
top of the tank. There placed only one distributor near the inlet instead of two. The velocity contour was
shown in Figure 5.15 & Figure 5.16 for this distributor.
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Figure 5.16: Velocity contour of
honeycomb distributor in a
plane

Figure 5.15: Velocity contour of
honeycomb distributor in wall

Figure 5.15 showed the velocity distribution through the honeycomb distributor in the range of velocity
from

to

and Figure 5.16 showed in the range of velocity from

to

.

From these following two pictures it can be inferred that the velocity distribution is very uniform
because velocity is very close to the average velocity, i.e., the standard velocity deviation is near to zero,
which is desired.
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Figure 5.18: Velocity contour in the range
of
to

Figure 5.17: Velocity contour in the range
of
to

5.3

RESULTS OF THERMAL PROPERTIES ENHANCEMENT OF NANOFLUID
To increase the energy storage capacity in TES system, it is a good choice to synthesize

nanoparticles in the based fluid. Nanoparticles increase the thermal properties of the heat transfer fluid
and results more thermal energy storage compares to the heat transfer fluid without nanoparticles.
To check the enhancement of the thermal properties, five different types of nanoparticles with
three different concentrations were considered. Table 5.3 shows the properties of the nanoparticles (65),
(66), (67), (68), (69), (70) (71).
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Table 5.3: Properties of nanoparticles

No. Nanoparticle

Volume
fraction

1
SiO2
3
2
6

3
9

4

Fe3O4

Ag

5
5

Al2O3

ZNO

Density
(

Density
at

(

at

Thermal

Specific heat

Conductivity

capacity

0.001

1.870

1.720

1.38

740

0.01

1.872

1.723

1.38

740

0.1

1.892

1.753

1.38

740

0.001

1.872

1.722

12

880

0.01

1.893

1.744

12

880

0.1

2.094

1.960

12

880

0.001

1.878

1.728

0.93

619.4

0.01

1.948

1.802

0.93

619.4

0.1

2.557

2.440

0.93

650.6

0.001

1.880

1.730

406.785

240

0.01

1.972

1.823

406.785

240

0.1

2.870

2.738

406.785

240

0.001

1.873

1.723

29.06

495

0.01

1.903

1.755

29.06

495

0.1

2.206

2.069

29.06

495

While nanoparticles are added to the Hitec® molten salt based fluid, the thermal properties of the
nanofluid changes. Table 5.4 shows the data of effective thermal conductivity and effective specific heat
capacity of nanofluid.
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Table 5.4: Thermal properties of nanofluid
No. Nanoparticle

1
SiO2
3
2
6

3
9

4

Fe3O4

Ag

5
5

The value

Al2O3

&

ZNO

Volume

Effective

Effective

fraction

thermal

specific heat

Conductivity

capacity

0.001

0.278

1612.776

0.01

0.285

1607.590

0.1

0.360

1553.911

0.001

0.285

1612.532

0.01

0.356

1605.179

0.1

1.094

1532.480

0.001

0.278

1610.836

0.01

0.282

1588.555

0.1

0.328

1401.913

0.001

0.548

1611.730

0.01

2.997

1597.173

0.1

28.321

1454.159

0.001

0.296

1612.354

0.01

0.470

1603.383

0.1

2.271

1512.689

of nanofluid were calculated by using the equation. These values were

used as the input values of thermal properties while run the simulation in Fluent. Results that I got from
Fluent were checked for based fluid (without nanoparticle) and nanofluid and then compared the results
for cases. Table 5.5 shows the results on amount of energy stored by adding nanoparticles in the based
fluid.

47

Table 5.5: Results for nanofluid energy storage
No.

Fluid

Volume
fraction

1

Hitec®

2
SiO2
3
3

4

5

6

Al2O3
6

Fe3O4
9

Ag

5
ZNO

Energy

stored in

thermocline

Total
Energy

Usable
Energy

in

in the tank

the tank

1.0

1.46E+11

5.66E+11

4.20E+11

0.001

1.46E+11

5.65E+11

4.19E+11

0.01

1.46E+11

5.65E+11

4.20E+11

0.1

1.46E+11

5.64E+11

4.18E+11

0.001

1.46E+11

5.66E+11

4.20E+11

0.01

1.46E+11

5.67E+11

4.20E+11

0.1

1.64E+11

6.35E+11

4.71E+11

0.001

1.46E+11

5.68E+11

4.21E+11

0.01

1.52E+11

5.90E+11

4.39E+11

0.1

1.89E+11

7.52E+11

5.63E+11

0.001

1.47E+11

5.69E+11

4.22E+11

0.01

1.59E+11

6.00E+11

4.41E+11

0.1

2.40E+11

8.43E+11

6.03E+11

0.001

1.46E+11

5.66E+11

4.20E+11

0.01

1.49E+11

5.77E+11

4.28E+11

0.1

1.72E+11

6.64E+11

4.92E+11

From Table 5.5, it can be inferred that more energy stored with
fraction. But it is not very feasible, because the total volume of fluid is

concentration of volume
. So for this higher

storage of energy, the requirement of the amount of nanoparticle will be large and it will be not cost
effective. Among these five different types of nanoparticles, Ag showed more energy stored compare to
other nanoparticle with same mass concentration. But the problem is Ag is an expensive metal, so it will
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not be cost effective to use Ag nanoparticle for this system. Figure 5.19 is the temperature contour of
single tank thermocline for Hitec® molten salt.

Figure 5.19: Temperature contour of Hitec® Molten salt on a
plane at different instances

5.4

THERMAL DIFFUSION
System Advisor Model (SAM), developed by National Renewable Energy Laboratory and

Sandia National Government Laboratory, is a performance and economic model. With the help of this
model, the thermal diffusivity curve could be drawn for both charging and discharging cycle of single
tank thermocline. Figure 5.20 shows the diffusion curve for Hitec® molten salt.
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Discharging

Charging

Figure 20: Thermocline diffusion. Left: Charging started 10AM and continued until
6PM (8 hours of charging). Right: Discharging started at 6PM until
midnight (6 hours of discharging). After midnight, the TES was left to
dwell for 10 hours.

At 10am, assumed that the sun produced enough solar radiation and hence the CSP started
generating enough thermal energy to heat the molten salt from

to

at about

for the single tank thermal storage system. The CSP continued charging until 6 PM. This gave 8 hours of
charging time. During this time assumed that the tank has to be fully charged. This allowed estimating
the charging velocity of the tank. Diffusion rate was computed using the thermal conductivity, specific
heat, and density for the Hitec® molten salt. Assumed that the cold (fully discharged) and hot (fully
charged) tank temperature was

and

.
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Chapter 6: Conclusion
I studied the impact of geometry and configurations of pipe flow distributor and honeycomb
distributor for a single tank thermocline thermal energy storage system. I used Hitec® molten salt as our
storage medium. I analyzed the performance of the distributors using standard deviation in the velocity
field with respect the ideal configuration. In the ideal configuration, the velocity is assumed to be
uniformly distributed throughout the TES tank. FLUENT 6.3 were used to perform the Computational
Fluid Dynamics analysis. I have observed that the velocity distribution is significantly influenced by the
number of distributor pipes, the number of holes, and the position of the holes for pipe flow distributor.
Finally, I notice that the 7 pipes with 140 holes produced most uniformity in the velocity distribution
whereas 6 pipes with 104 holes produced least uniformity in the velocity distribution. Which also
conclude that the number of holes should be in medium range, i.e., too many holes could disturb the
thermocline region by higher velocity force and less number of holes could uneven velocity distribution
because of lower flow velocity throughout the tank. The viscous resistance for the flow through various
pipe and the interactions of the flow exiting through various distribute holes play a significant role in the
determining the uniformity.
To increase the thermal properties of the heat transfer fluid, Hitec® molten salt were synthesized
with five different types of nanoparticles with various concentrations. From the numerical analysis I
figured out that Ag with 1% of concentration showed more thermal energy storage capability compare to
others.
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Appendix

Nomenclature
Diameter of inlet and outlet pipe, m
Diameter of distributor pipe, m
Diameter of the tank, m
Diameter of the hole, m
Height of the tank, m
Height of the tank without inlet-outlet, m
Height between inlet and distributor, m
Area of the tank, m2
Total area of the holes, m2
Area of each hole, m2
Area of the inlet, m2
Number of holes
Number of distributor pipes
Mass flow rate, kg/s
Average velocity, m/s
Inlet velocity, m/s
Reference velocity along the height of the tank, m/s
Time to be fully charged, s
Charging-discharging time, s
Density of the fluid, kg/m3
Viscosity of the fluid, kg/m-s
Percentage deviation of velocity
Gradient operator
Velocity vector
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Distance between distributor pipes
Internal energy per unit mass, J/kg
Percentage of flow
Rate of dissipation of mechanical energy per unit mass
Specific heat capacity, J/kg-k
Thermal conductivity, W/m-k
Effective thermal conductivity, W/m-k
Effective specific heat capacity, J/kg-k
Thermal conductivity of base fluid, W/m-k
Specific heat capacity of base fluid, J/kg-k
Specific heat capacity of nanoparticle, J/kg-k
Volume fraction of nanoparticles
Mass fraction of nanoparticles
Energy at thermocline region, J
Enthalpy at thermocline region, J
Energy of the tank
Enthalpy of the tank, J
Total volume of fluid, m3
Volume of fluid at thermocline region, m3
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